Research in contextEvidence before this studyCOVID-19 is associated with increased risk of thrombotic events. Previous pathology studies, identified by searching PubMed on June 7, 2020 for the terms "COVID-19″ and "autopsy" or "histopathology", have reported findings in multiple organs, including thrombi on gross inspection, but did not use special stains to identify megakaryocytes and platelets in tissues of patients dying with COVID-19. The presence of circulating megakaryocytes on autopsy in various organs was also researched, for which we searched PubMed on June 7, 2020 for "pathology" or "autopsy" and "megakaryocytes".Added value of this studyWe present a COVID-19 autopsy series including findings in lungs, heart, kidneys, liver, and bone, from a New York academic medical center. Regardless of anticoagulation status, all autopsies demonstrated platelet-rich thrombi in the pulmonary, hepatic, renal, and cardiac microvasculature. Megakaryocytes were seen in the vascular beds of multiple organs, and in higher than usual numbers in lungs and heart. Megakaryocyte numbers were increased as compared with patients who died of acute respiratory distress syndrome (ARDS) unrelated to COVID-19. We report two cases with myocardial venous thrombosis and troponin elevation, one of which exhibited myocardial infarction on gross inspection, illustrating a previously unrecognized mechanism of MI.Implications of all available evidenceThrombosis is an important contributor to pathologic mechanisms underpinning multi-organ failure, severe hypoxia and death in patients with COVID-19. Myocardial infarction may be caused by venous thrombosis in the absence of significant coronary artery atherosclerotic disease. Platelets and circulating megakaryocytes are likely to play an important role in the increased thrombotic risk associated with COVID-19.Alt-text: Unlabelled box

1. Introduction {#sec0001}
===============

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for the global pandemic of coronavirus disease 2019 (COVID-19). While the majority of patients with COVID-19 experience mild symptoms, serious complications including ARDS, hemodynamic shock, acute kidney injury, cardiac injury, and arrhythmia contribute to the high mortality rate [@bib0001]. Elevation of cardiac troponin is common in COVID-19 and has been associated with poorer outcomes [@bib0002], [@bib0003], [@bib0004]. ST-segment elevation myocardial infarction in a small series of patients with COVID-19 was associated with a relatively low likelihood of severe coronary artery disease (CAD) [@bib0005]. Myocardial injury in COVID-19 has been postulated to be due to viral myocarditis, but there has been a paucity of histologic evidence to determine the causes of troponin elevation.

There is growing recognition of an increased rate of thrombotic complications in patients with COVID-19, higher than in respiratory failure due to influenza, and with the notable observation that pulmonary thrombosis in the absence of lower extremity deep venous thrombosis is frequently observed [@bib0006], [@bib0007], [@bib0008], [@bib0009]. Autopsy series have demonstrated a high prevalence of microthrombi in pulmonary capillaries as well as pulmonary arterial thrombosis [@bib0010], [@bib0011], [@bib0012]. In biopsy samples obtained from skin and kidney, there were frequent microthrombi in the microvasculature \[[@bib0011],[@bib0013]\]. In addition, autopsy reports have shown thrombus formation in less common areas, including the hepatic portal vein, the prostatic venous plexus and in the heart [@bib0010], [@bib0011], [@bib0012]. Observational studies suggest that anticoagulation therapy, including more intensive anticoagulation, may be associated with better outcomes in patients infected with COVID-19 \[[@bib0014],[@bib0015]\].

The mechanism for this prothrombotic milieu is yet to be determined. We present results of the first seven autopsies from an academic New York medical center, including findings from lungs, hearts, kidneys, liver, and bone. We hypothesized that post-mortem examination would improve our understanding of the reasons for multi-organ failure and thrombosis in COVID-19.

2. Methods {#sec0002}
==========

Hospital-based autopsies were performed by Amy Rapkiewicz using personal protective equipment in a negative pressure facility with limited staff participating to reduce risk. Consecutive autopsies performed at NYU Winthrop Hospital among persons with laboratory-confirmed COVID-19 or who were under investigation and tested positive on post-mortem PCR were included. The lungs, heart, kidneys, spleen, lymph nodes, liver, bone, and skeletal muscle were evaluated in detail in all cases. Tissues were fixed in 10% buffered formalin for 72 h and routinely processed. Hematoxylin and eosin (H&E)-stained sections were prepared. Immunohistochemistry (IHC) was performed via epitope retrieval using Roche Benchmark Ultra with incubation time 16--32 min, depending on antibody. Sections were incubated with CD61 (Cell Marque, clone 2F2), CD20 (Predilute- Roche, clone L62), CD3 (Predilute- Roche, clone 2GV6), CD4 (Predilute-Roche, clone SP35), CD8 (Predilute-Roche, clone SP57) and a rabbit polyclonal anti-SARS nucleo-capsid protein antibody (Novus Biologicals) detection was carried out using OptiView DAB IHC kit.

For electron microscopy, tissue samples were fixed in 4% glutaraldehyde buffered in 0·1 M sodium cacodylate buffer, pH 7.5, washed in sodium cacodylate buffer, post-fixed in buffered 1% osmium tetroxide, en-bloc stained with a saturated solution of uranyl acetate in 40% ethanol, dehydrated in a graded series of ethanol, infiltrated in propylene oxide with Epon epoxy resin (LX112, Ladd industries, Burlington, VT), and embedded. Blocks were sectioned with a Reichert Ultracut microtome at 70 nm. The resulting grids were post-stained with 1% aqueous uranyl acetate followed by 0·5% aqueous lead citrate and scoped on a Zeiss EM 900 transmission electron microscope retro-fitted with an L3C digital camera (SIA, Duluth, GA). Electron microscopy was performed on limited samples based on resource availability, focusing on organs that were grossly abnormal, including lung (four cases), heart (four cases), kidney (five cases), liver (one case), fat (two cases), skeletal muscle (two cases), and bone marrow (one case).

Paraffin-embedded blocks of all tissues in all cases were sent to the Laboratory of Pathology of the National Cancer Institute for immunohistochemical consultation.

We counted numbers of megakaryocytes in the lungs and the hearts of 7 COVID-19 cases and, for comparison, 9 cases of patients who died with ARDS of other causes, selected as a convenience sample from autopsies previously performed at the National Cancer Institute between 2017 and 2020. In the lungs ten consecutive high-power fields (HPF, 40x magnification) were scored three times for each case, while the whole section of the heart was used to count megakaryocytes. Student\'s *t*-test was used to compare the number of megakaryocytes between COVID-19 and other ARDS cases. P values \<0·05 were considered statistically significant.

Chart review was performed to identify medical history, laboratory values (initial and peak, where available), and to review electrocardiography and imaging, when available.

Dr. Rapkiewicz had access to all data. Drs. Rapkiewicz and Reynolds had final responsibility for the decision to submit the manuscript.

Role of Funding: There was no external funding for this analysis. This study was supported, in part, by the Intramural Research Program of the NIH, National Cancer Institute.

Ethics: Reporting of this series of clinically indicated autopsies was exempted by the NYU Grossman School of Medicine Institutional Review Board. Consent was provided by the legal next of kin in each case.

3. Results {#sec0003}
==========

[Table 1](#tbl0001){ref-type="table"} summarizes the clinical presentation of the cases. The age range was 44--65 years, and four of seven cases were female. Two presented with asystolic arrest at home after reporting symptoms for several days. Two patients were known to be taking aspirin before they became ill. None were taking anticoagulation before illness, but the five patients who survived to hospitalization all received either therapeutic or prophylactic anticoagulation. Each of the five hospitalized patients received at least one dose of azithromycin and hydroxychloroquine, and some received IL-1 and IL-6 inhibitors ([Table 1](#tbl0001){ref-type="table"}). All hospitalized patients were mechanically ventilated. All patients who died in hospital had pulseless electrical activity (PEA). The two patients who died at home had asystole at first medical contact. Additional details of the laboratory findings, imaging findings, and hospital courses are in Supplemental Tables 1--2.Table 1Clinical and Key Laboratory Information for Cases 1--7.Table 1Patient CharacteristicsCase 1Case 2Case 3Case 4Case 5Case 6Case 7Age -- yr, Sex64, Female60, Male50, Female44, Male64, Female55, Female65, MaleRace/EthnicityWhiteWhiteHispanicBlackHispanicHispanicWhiteSymptoms before hospitalization3d dyspnea and flu-like illness7d fever, chills, dyspnea7d fever, cough, dyspnea7d fever, cough, myalgia7d fever, cough, dyspnea14d fever, cough, dyspnea, malaise14d dyspnea and coughHospitalization to death -- days00269113Symptom onset to death -- days37913162517Cardiac arrest detailsAsystolic arrest at homeAsystolic arrest at homePEA arrestPEA arrestPEA arrest, no CPRPEA arrest, no CPRPEA arrest, no CPRHypertensionYesYesYesYesYesNoYesHigh cholesterolYesNoYesYesYesNoNoDiabetesYesYesYesYesNoNoYesObesityYesYesNoYesYesYesNoBMI -- kg/m^2^36⸱032⸱323⸱038⸱835⸱630⸱725⸱0Other Key Medical HistoryCOPD, lung cancerCoronary artery diseaseN/ARenal cell carcinomaObstructive sleep apneaN/ACirrhosis, PAD, CKD, hypothyroidismOutpatient antiplatelet/anticoagulationAspirinUnknownNoneNoneAspirinNoneNoneInpatient Anticoagulation/AntiplateletN/AN/AEnoxaparin 40 mg dailyUnfractionated heparin dripAspirin and unfractionated heparin drip transitioned to enoxaparin 1 mg/kg q12hEnoxaparin 40 mg daily, transitioned to unfractionated heparin drip, then enoxaparin 1 mg/kg q12hUnfractionated heparin drip, stopped \<2 h after admissionOther Relevant Inpatient RxN/AN/AAzithromycin, HCQAzithromycin, HCQAzithromycin, HCQ, tocilizumab, anakinraAzithromycin, HCQ, tocilizumabAzithromycin, HCQ, tocilizumabPeak [d]{.smallcaps}-dimer, ng/mLN/AN/AN/A32010,2875483\>52,926Peak troponin, ng/mLN/AN/A0⸱40⸱811⸱0\<0⸱134⸱8[^1]

3.1. Multi-organ thrombosis and megakaryocytes {#sec0004}
----------------------------------------------

All cases, regardless of anticoagulation received, demonstrated platelet-rich thrombi in the pulmonary, hepatic, renal, and cardiac microvasculature ([Fig. 1](#fig0001){ref-type="fig"}). In the lungs, thrombi involved large and small vessels, and platelets were noted within the alveolar capillaries. There were pulmonary arterial thrombi in four cases, three of which had received anticoagulation (two at therapeutic dose and one at prophylactic dose). This included obstructive, predominately white thrombus in the right main pulmonary artery, and multiple right ventricular mural thrombi, in case 4, and segmental pulmonary artery thrombi in cases 3, 4 (bilateral) and 7 ([Fig. 2](#fig0002){ref-type="fig"}). Pulmonary artery casts conformed to the anatomic location in which they were found. The presence of lines of Zahn in pulmonary, and cardiac intravascular thrombi strongly suggests antemortem thrombosis. Thrombi were not found in the inferior vena cava. However, the deep leg veins were not dissected.Fig. 1Thrombosis in multiple organs at autopsy. Panel A, Case 3, 20x magnification of hematoxylin and eosin stained section, medium vessel pulmonary artery thrombus (yellow star) with lines of Zahn and fibrin thrombus without organization in a smaller arteriole (yellow arrow). The adjacent lung shows similar temporal relationship with exudative phase of diffuse alveolar damage with hyaline membrane formation. Panel B, Case 2, 20x magnification of hematoxylin and eosin stained section of medulla of the kidney with fibrin microthrombi in the peritubular capillaries (black arrows). The tubular epithelium shows detachment from the basement membrane with vacuolization as well as granular debris within the tubular lumen. Panel C, Case 7, 20x magnification of hematoxylin and eosin stained section. Cardiac tissue with fibrin thrombus in a perforating vein (blue arrow) associated with a myocardial infarction showing myocardial necrosis, which was transmural, and neutrophilic infiltrates. Panel D, Case 2, 10x magnification of hematoxylin and eosin stained section. Platelet microthrombi highlighted by CD61 immunohistochemical stain within the microvasculature of the lung. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1Fig. 2Pulmonary thrombi. Panel A: Case 4, Large occlusive pulmonary thrombus within the right main pulmonary artery (white arrow). Panel B: Case 4, Thrombus easily removed showing a predominately white thrombus that is molded in the anatomic pattern of the pulmonary vasculature. Panel C: Case 5, Loosely adherent pulmonary thrombus within a segmental pulmonary artery of the left lung (blue arrow). Panel D: Case 5, H&E 40x, microscopic image of the lung showing changes of diffuse alveolar damage as well as a fibrin microthrombus (yellow star). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2

Megakaryocytes were seen in all cases in the microvasculature of the heart, in some glomeruli, and in higher than usual numbers in the lungs ([Fig. 3](#fig0003){ref-type="fig"}, Supplemental Fig. 1). The median number of megakaryocytes/HPF in lung was 9 (interquartile range \[IQR\], 4--19) in COVID-19 and 3 (IQR 2--5) in other ARDS, *p* = 0·01. The number of megakaryocytes in bone marrow was increased with focal clustering. Bone marrow megakaryocyte morphology suggested active platelet production, with prominent pseudopodia. Megakaryocyte numbers were increased in COVID-19 hearts as compared with other ARDS (median 4.5, IQR 3--8, in COVID-19 vs. median 1, IQR 0--3, in ARDS, *p* = 0·02). Rare virions were identified on electron microscopy in bone marrow megakaryocytes (Supplemental Fig. 2).Fig. 3Megakaryocytes in the heart, kidney, lung and bone marrow. Panel A: Case 4, 40x H&E stain, Heart with early ischemic changes and megakaryocyte (yellow arrow) and fibrin thrombus within the lumen of a venule. Panel B: Case 2, 20x H&E stain, Lung with pulmonary edema and early bronchopneumonia with multiple megakaryocytes (black arrows) within the alveolar capillaries. Panel C: Case 4, 20x H&E stain, Megakaryocyte within the capillary loop of a glomerulus (blue arrow). Panel D: Case 3, Hypercellular marrow for age with trilineage hematopoiesis. There is an increased number of megakaryocytes with focal clustering (green arrows). Myeloid elements show only focal evidence of progressive maturation (left shift). Megakaryocytes and platelets are highlighted by CD61 staining. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3

3.2. Cardiac findings {#sec0005}
---------------------

In all cases, megakaryocytes associated with fibrin microthrombi were identified within the cardiac microvasculature. There were no viral inclusions on electron microscopy of the heart in any of four cases analyzed (cases 2, 4, 6 and 7). Only one patient (case 4) exhibited a focal inflammatory infiltrate composed of lymphocytes, mixture of B and T cells as per CD20 and CD3, with CD4 in greater number than CD8, with associated myocardial necrosis in the epimyocardial region ([Fig. 4](#fig0004){ref-type="fig"}). Despite thorough sectioning, the infiltrate was localized, even though there was diffuse, transmural pallor of the left ventricle. Immunohistochemical staining for CD61 (platelet glycoprotein IIIa), a megakaryocytic and platelet marker, identified platelet microthrombi in the region of inflammation. There were no electrocardiographic abnormalities on admission or on the day of death in this patient, nor were there granulomas. Staining for complement (C4d) was performed to rule out complement-mediated myocyte damage and was negative in all cases tested.Fig. 4Myocardial Inflammation and Right Ventricular Mural Thrombus (Case 4). Panels A and B: H&E 10x, Myocardium with a focal chronic inflammatory infiltrate composed of lymphocytes with associated myocardial necrosis in the epicardial region (yellow stars). Panel C: Platelet microthrombi highlighted by CD61 immunohistochemical stain within the microvasculature of the heart (yellow arrows), 10x. Panel D: Gross image of a cut section of the heart showing transmural diffuse pallor of the left ventricle. Panel E: Right ventricle of the heart with mural white thrombus within the trabeculae carnae. Panel F: Microscopic findings in the right ventricle of the heart with mural white thrombus within the trabeculae carnae. Panel G: Admission ECG shows normal sinus rhythm without significant ST segment abnormality.Fig. 4

Venous thrombosis was identified in two hearts (cases 3 and 7). In case 7, there was intramyocardial venous thrombosis with septal myocardial infarction (MI) despite only minimal coronary atherosclerosis ([Fig. 5](#fig0005){ref-type="fig"}). This patient also had cirrhosis of the liver due to alcohol, and there were elevated levels of antiphospholipid IgM antibodies detected post-mortem. The peak troponin was 34·8 ng/mL, measured on the day of death (hospitalization day three). A limited cardiac ultrasound performed three hours after troponin showed right ventricular hypokinesis. Left ventricular wall motion was normal on this limited study with only subcostal views. The electrocardiogram (ECG) at admission showed hyperacute T waves in V2, and ECG on the day of death showed inferolateral ST elevations with hyperacute T waves in leads V2-V3. In case 3, there was epicardial venous thrombosis, but MI was not noted on gross nor microscopic inspection (Supplemental Fig. 3). Troponin, measured four hours before death, was 0·4 ng/dL, within the normal limits at our laboratory.Fig. 5Myocardial Infarction due to Venous Thrombosis (Case 7). Panel A: Admission ECG showing normal sinus rhythm. Panel B: ECG after intubation (day of death), showing sinus rhythm with premature atrial contraction and inferolateral ST segment elevation. Panel C: Cut section of left and right ventricle showing pallor with peripheral hemorrhage rim at the juncture of the posterior ventricles and interventricular septum (red star). Panel D: Microscopic section showing megakaryocyte within a small vessel in the myocardium (yellow arrow). Panels E, F, G: H&E sections of the right and left ventricle with intramyocardial venous thrombosis (yellow stars), fibrin microthrombi and varying degrees of infarction.Fig. 5

Otherwise, cardiac histopathological changes were limited to minimal epicardial inflammation (*n* = 1), early ischemic injury (*n* = 3), and mural fibrin thrombi (*n* = 2).

3.3. Lung parenchyma {#sec0006}
--------------------

There was congestion on gross examination in all cases (representative images, Supplemental Fig. 4). All cases exhibited diffuse alveolar damage (DAD) with hyaline membrane formation, type II pneumocyte desquamation, with a mixture of exudative, and proliferative phases of DAD, corresponding to ARDS. Rare virions were identified by immunohistochemical staining for nuclear capsid protein and by electron microscopy (Supplemental Fig. 5). Granulomas were not observed. Immunostains with CD61 revealed platelet-rich thrombi in the pulmonary microvasculature. In case one there was a sparse septal and perivascular lymphocytic infiltrate, predominantly composed of CD3 positive T cells with a predominance of CD4 positive cells over CD8 positive cells. Three cases had superimposed acute bronchopneumonia, focally necrotizing, one of which had an erosive bronchitis with fungal hyphae detected.

3.4. Kidneys {#sec0007}
------------

Platelet-rich fibrin microthrombi were seen in scattered peritubular capillaries and venules ([Fig. 1](#fig0001){ref-type="fig"}). Despite some autolysis, acute tubular necrosis, cellular casts, and some pigmented red blood cell casts were seen in all cases ([Fig. 3](#fig0003){ref-type="fig"}). Thrombotic microangiopathy within the glomeruli with large platelet-rich microthrombi, red cell fragmentation and mesangiolysis was seen in case 7, but not in other cases, where only rare small glomerular platelet aggregates were seen. Several patients exhibited microhemorrhages within the interstitium, and rare schistocytes were observed. All of the cases exhibited mild to moderate arteriolosclerosis, and one demonstrated arteriolar hyalinosis, Electron microscopy showed virions in proximal convoluted tubules, and rare podocyte virions (Supplemental Fig. 5). No changes to glomerular vessels, foot processes or glomerular basement membrane were observed on light or electron microscopy. Stains for immunoglobulin, and complement were negative in cases 1 and 2.

3.5. Hematopoietic tissues {#sec0008}
--------------------------

Bone marrow was hypercellular with increased megakaryocytes demonstrating focal clustering. There was progressive maturation of myeloid series with left shift and reduced erythropoiesis. Hemophagocytosis was not identified. Red blood cells with abnormal morphology resembling burr cells (echinocytes) were commonly seen. Spleens were congested, partially autolyzed in one case. In most cases, there was white pulp depletion, congestion of the red pulp, and no evidence of extramedullary hematopoiesis. Similar to what was observed in the lung, there was a predominance of T cells with slight CD4 excess. Lymph nodes analyzed from 5 cases showed dilated sinuses with marked sinus histiocytosis with focal erythrophagocytosis, numerous platelets, and megakaryocytes (best appreciated by CD61 stain). Secondary follicles in the far cortex appeared hypocellular. Lymph nodes were not readily located in the remaining cases or were grossly unremarkable.

3.6. Liver {#sec0009}
----------

All of the cases showed mild, macrovesicular steatosis without significant inflammation or ballooning suggestive of steatohepatitis. Case 7 showed cirrhosis. Numerous platelet-fibrin microthrombi were identified in hepatic sinusoids (Supplemental Fig. 6) in six cases, but case 1 showed only rare microthrombi. Ischemic type hepatic necrosis was associated with the microthrombi in two of seven cases (3 and 5). Larger platelet aggregates were also noted in the portal veins in these two cases. In case 5, this was associated with zone 3 necrosis with a hepatic vein thrombus.

3.7. Adipose tissue {#sec0010}
-------------------

Epicardial, and mesenteric adipocytes were of variable size with evidence of lysis. A scattered lymphocytic infiltrate was present.

4. Discussion {#sec0011}
=============

In this series of seven autopsies in patients who succumbed to COVID-19, there are several unifying themes observed in the histopathology. Thrombosis is a prominent feature in multiple organs, in some cases despite full anticoagulation. Platelet-rich thrombi were present in the pulmonary, hepatic, renal, and cardiac microvasculature. Based on the anatomic cast pattern of the thrombi, many of the thrombi appear to have formed in situ and ante-mortem, evidenced by lines of Zahn. However, embolism with further local propagation cannot be excluded based on the lack of deep vein dissection.

The extensive nature of platelet-fibrin thrombi in the alveolar capillaries in our patients may explain the observation that oxygenation is disrupted in an exaggerated fashion early in the disease course of patients with COVID-19, [@bib0016] as this suggests evidence of ventilation-perfusion mismatch unrelated to hyaline membrane formation. Our patients' lungs all had histopathologic findings of DAD, which has been the most frequently reported finding in COVID-19 autopsies thus far \[[@bib0010], [@bib0011], [@bib0012],[@bib0017]\].

Our findings highlight a potential significant role of megakaryocytes and platelets in diffuse microvascular thrombosis in COVID-19. Megakaryocytes were found in the microvasculature of the heart in all cases, in glomeruli, and in increased numbers in the lungs. Bone marrow megakaryocytes were mildly increased in number with morphologic features indicating active platelet production, and contained virions as identified on electron microscopy (Supplemental Figure 2). These findings, in conjunction with extensive platelet-fibrin microthrombi detected on specific staining, suggest a profound platelet response in COVID-19 that may be responsible at least in part for multi-organ failure. The conspicuous finding of megakaryocytes along with platelet-fibrin microthrombi within the heart microvasculature in this subset of gravely ill patients with COVID-19 is provocative. There are rare reports of megakaryocytes within the heart; in the largest published series, there was an average of 1--1.9 intravascular megakaryocytes in one cm^2^ of heart from 190 autopsies, involving traumatic and in-hospital deaths \[[@bib0018],[@bib0019]\]. Notably, 49 of 190 cases were labeled as "infection and thrombosis." Circulating megakaryocytes have been observed in MI, another thrombotic disorder [@bib0020]. In our experience, and supported by these studies, it is rare to find megakaryocytes within the heart. Our finding of platelet microthrombi in association with megakaryocytes in the microvasculature may provide a window into mechanisms of disease in patients with fatal COVID-19.

Thrombi were located in veins and in the pulmonary arteries and arterioles and in microvessels, but not in systemic arteries. Despite elevated fibrin degradation products, in only one case of a patient with cirrhosis did we observe glomerular thrombotic microangiopathy, arguing against disseminated intravascular coagulation, hemolytic-uremic syndrome, or thrombotic thrombocytopenic purpura as a predominant pathophysiological pathway [@bib0021]. Schistocytes may suggest endothelial damage, but we found them only rarely. We found no endothelial abnormalities on microscopic review, in alignment with previous studies, but we cannot rule out increased exposure of tissue factor, erosion of the endothelial glycocalyx, or other mechanisms of endothelial dysfunction that could be pro-coagulant without showing histopathologic evidence of cell activation or erosion \[[@bib0013],[@bib0022],[@bib0023]\]. A recent autopsy series of COVID-19 cases incorporating endothelial electron microscopy demonstrated ultrastructural endothelial damage and increased angiogenesis as compared to cases of fatal influenza, with differential regulation of genes related to angiogenesis and inflammation [@bib0024].

Four of the seven patients in this series had pulmonary arterial thrombi. There are now multiple autopsy reports demonstrating a high prevalence of pulmonary arterial thrombi in the setting of COVID-19 infection, including symptomatic thrombi and thrombi in the absence of coexisting deep venous thrombosis \[[@bib0006],[@bib0007],[@bib0010], [@bib0011], [@bib0012],[@bib0022],[@bib0025]\]. Each of the thrombus casts in our patients conformed to the walls of pulmonary vasculature. This appearance suggests that the thrombi were formed in situ in pulmonary arteries rather than as the result of embolization, a conclusion also reached in prior reports \[[@bib0006],[@bib0007],[@bib0010]\]. However, it remains possible that the large thrombi progressed rapidly, originating from smaller emboli without time for development of organization and adherence to the vessel wall. Case 6 had normal lower extremity venous duplex. However, our autopsies did not include dissection of the extremities to evaluate for deep vein thrombosis based on infection control restrictions. All patients tested had abnormal PT/INR and [d]{.smallcaps}-dimer.

Troponin elevation is common in COVID-19 patients and is associated with increased risk of death [@bib0002], [@bib0003], [@bib0004]. It may be surprising then that there was little myocardial inflammatory infiltrate in this case series, particularly considering that the heart expresses ACE2, a membrane protein used by SARS-CoV-2 as an attachment receptor. Only one patient (case 4) had a focal acute lymphocytic epimyocarditis, with no virions in cardiomyocytes. This mild epicardial inflammation did not cause any ST-segment deviation on ECG. The patient had minimally elevated troponin on the day of death, but the point of care ultrasound noted reduced ejection fraction. The single focus of mild epicardial inflammation in this patient may be nonspecific. Multiple additional sections of cardiac tissue were taken without further evidence of inflammation. One would expect more inflammation if cardiomyopathy were due to fulminant lymphocytic myocarditis. Here, cardiomyopathy may be attributable to profound metabolic derangements, with severe metabolic and respiratory acidosis at the time of the cardiac ultrasound, immediately preceding cardiac arrest.

Though troponin elevation in patients with COVID-19 has often been ascribed to myocarditis by clinicians, there have been very few reports of myocarditis with accompanying tissue samples showing lymphocytic infiltrate \[[@bib0022],[@bib0025], [@bib0026], [@bib0027], [@bib0028]\]. One of the three previously published autopsy reports showing myocarditis described a COVID-19 patient who was co-infected with influenza [@bib0026]. When present, the infiltrate may be focal and epicardial, as seen in our one case with myocardial inflammation \[[@bib0022],[@bib0027]\]. Thus tissue-proven viral myocarditis appears to be relatively rare in COVID-19, and other mechanisms of myocardial injury must be considered. No evidence of complement-mediated myocardial damage was present in our cohort, though we and others have demonstrated this previously in the setting of influenza \[[@bib0029],[@bib0030]\]. Another group reported a high degree of complement deposition in lung, and skin in COVID-19 patients, but did not assess cardiac tissue [@bib0013]. There are many potential causes of troponin elevation including ischemia, inflammation, metabolic derangement and trauma. Right ventricular strain due to pulmonary thrombosis and hypertension is another potential mechanism [@bib0031]. Based on our data, thrombosis of the microvasculature and cardiac veins appears to be a common cause of elevated troponin in COVID-19.

We demonstrate for the first time, to our knowledge, that thrombosis of a cardiac vein can cause acute MI in the absence of obstructive coronary atherosclerosis. ST segment elevation on the ECG may prompt urgent coronary angiography in COVID-19 patients. Our group has reported that there is no obstructive coronary artery disease in approximately one-third of such cases [@bib0005]. MI with non-obstructive coronary arteries is increasingly recognized [@bib0032]. It remains to be learned whether myocardial venous thrombosis may in fact cause this entity in clinical situations other than COVID-19 illness. Case 3 had thrombosis of an intramyocardial vein corresponding to the infarction zone. While case 7 also had venous thrombosis, in the middle cardiac vein (epicardial), there was no gross or microscopic evidence of MI. A proposed explanation for this finding may be that thrombosis occurred just prior to cardiac arrest, since evidence of infarction on gross or histopathology appears hours after ischemia onset.

Renal findings in our patients shed light on the pathogenesis of acute kidney injury in COVID-19. Virions were observed in proximal tubular cells. Acute tubular necrosis and peritubular fibrin thrombi were apparent. A recently reported series of 26 autopsies in COVID-19 showed acute tubular injury of varying severity in all cases, with prominent microvascular obstruction by erythrocytes [@bib0033]. Renal tubular cells are known to present ACE2, the viral receptor, so it is logical that virions are most prominent in this location. The absence of virus in endothelial cells, rare infection of podocytes, and absence of visible glomerular pathology in most of our cases also argue against a glomerular cause of kidney injury, despite the proteinuria observed in many COVID-19 cases \[[@bib0034],[@bib0035]\].

Obesity is a major risk factor for COVID-19 morbidity, and mortality, though the mechanism for this relationship is not yet clear [@bib0036]. Adipose tissue expresses ACE2. Adipocytes are a known contributor to the inflammatory cascade, upregulating cytokines such as TNF-α, IL-1, and IL-6 [@bib0037]. Inflammatory dysregulation by infected adipocytes could exacerbate inflammation thus contributing to ARDS and the prothrombotic milieu. While adipocytes have been implicated as a reservoir for organisms like HIV, Trypanosoma cruzi, and influenza A, there is currently no evidence to suggest that obesity is correlated with SARS-COV-2 viral clearance \[[@bib0038],[@bib0039]\]. Dipeptidyl peptidase 4 (DPP-4) is highly expressed on adipocytes and may play a role in COVID-19 infection, as it was implicated as a functional receptor for the spike protein of the Middle East Respiratory Syndrome-related coronavirus [@bib0040]. In addition to its role in insulin metabolism, DPP-4 contributes to systemic inflammation and immune regulation via pathways including T cell activation [@bib0041].

Erythrophagocytosis was observed in lymph nodes. This nonspecific finding can be seen in multiple severe inflammatory conditions, including sepsis, macrophage activating syndrome and hemophagocytic lymphohistiocytosis [@bib0042]. The significance of echinocytes in these cases is unclear, and here may be most related to abnormal pH.

Our study has several limitations. The sample size is limited and was based on referral for autopsy rather than pre-specified clinical parameters. Laboratory testing was performed according to clinical routine and not done systematically; we do not have results for all laboratory parameters of interest in all cases. Brain and deep leg veins were not evaluated based on autopsy restrictions for infection control. Electron microscopy was performed on a limited basis due to limited availability of resources during the pandemic, and infection control concerns.

In this series of seven COVID-19 autopsies, macrovascular and microvascular thrombosis was a prominent feature, in some cases despite full anticoagulation. There were platelet-rich microthrombi and circulating megakaryocytes in multiple organs. One case demonstrated acute myocardial infarction due to thrombosis in intramural coronary veins, and one case had focal myocarditis. Despite elevated fibrin degradation products, findings typical of renal thrombotic microangiopathy in glomeruli were absent in all but one case, arguing against classical disseminated intravascular coagulation as the underlying pathophysiologic mechanism.
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[^1]: All patients were positive for SARS-CoV-2 using the GeneExpert (Cepheid) test and negative for other respiratory viral pathogens on the Cepheid analyzer, including common coronaviruses, before and/or after death.Figure Legends.
